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RADIATION EFFECTS ON VIDEO IMAGERS
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Los Alamos National Laboratory, Group P-15, MS D06

end
Teresa M. Martinez and J. P. Black
EG&G Los Alamos and EG&G Kirtland Operations
P.O. Box 809 Los Alamos, NM and P. 0. Box 4339 Albuquerque, NM

Television cameras have been used successfully for telemetry of video
images from remote experiments invoiving diagnosis of nuclear reactions.
Imaging of neutrons, gamma rays and x-rays is accomplished by irradiating
suitable converters that transform the incident image to a visible photon
image which is then viewed by TV cameras. Frequently these camerss must
operate in high radiation env.ronments resulting from scattering of the
incident beam. This exposure creates unwanted photocharge that competes
with the signal produced by the visible photons, resuvlting in radiation-

induced background buildup snd spurious signals in the final image.

The primary purpose of these experiments are to (1) compsre relative
radiation sens!tivlt;;s of several new TV imagers with 8b233 vidicons (our
standarc diagnostic for radiation imaging experiments) to deotermine if ary
offer greater radiation immunity with equal or better visible light
sensitivity, (2) to identify reaction thresholds for given asensor types in
order to specify shielding, 81d (3) to understand the physics involved
when radiation-induced excitation occurs. The results should provide a

basis for the optimum seleation of TV systems for specific imaging

axperiments.



In the past few years several TV imagers have become available which
offer improvements in speed, sensitivity, and resolution relative to
corventional Sb253 photoconductor-type vidicons. The imagers tested
included (1) vidicon type sensors with target materials of silicon (diode
matrix), saticon (Se+Te+As), Newvicon {(ZnSe), Pasecon (Cdse), Plumbicon
and Leddicon (Pb0O), as well as Sb253. (2) silicon-based s0lid state arrays
including charge coupled devices (CCDs), charge injection devices (CIDs),
photodiodes (PDAs), (3) photoemissive image intensifiers with bi-alkali
S-20 type photocathodes, including Silicon-Intensified-Target Vidicons
(SITVs), proximity-focused microchannel plate tubes (MCPTs), and stresk
tubes. When possible, similar samples from different manufacturers were
tested to determine "typical™ performance for given targets. For most

sensors at least two ssmples were measured for improved statistics.

The tests compared measurements of response to visible light and the
radistion sensitivities to neutrons, gamma rays, and x-rays. All sensors
showed gamma and x-ray sensitivity in the form of increased uniform
tackground signal as.;houn in Fig. 1 for a silicon target vidicon. Only
the 3ilicon-based sentors showed significant neutron sensitivity.

Howaver, instead of uniform background builaup, the neutron-induced
signals appepr as random spurious "stars" or "speckles™ in the video
image, a3 shown for the same silicon vidicon in Fig. 2. Other imagers
having spproximately equal visible light imsging qualities, showed similar
reaponses, with the CCD type being the most vulnerable and the older Sb_S

273
vidicons the lesst vulnerable to either gamma rays, x-rays, or neutrons,
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Fig. 1. Response of a vidicon with a silicon target to a 31-MR,
13=-n8s pulse of Bremsstrahlung nhotors fiom an electron
Linac: The image shows the uniform background produced
by the channel-collimated beam, Horizontsl line scans
through the center of images (indicated by highlighted
band). taken with and without irradiation are shown in

tha TAwaw mankd.ns Al aha 84 aiica



Fig. 2.

REPRODUCED FROM
BEST AVAILABLE COPY

V 18 Counts Grid
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Speckling effects (or "stars") produced by 14 Mev neutron
interactions with a silicon-target vidicon. The imayes
in the upper half of the figure show these effects ot

two different flux levels., Horlzontal line scans of
these images are shown in the lower portion of the

tigure. The grid calibrations, V and H, shown in these
scan nlota. rafar to a 256x%512 dieitnl nresantatrinn nr



RADIATION EFPECTS ON VIDEO IMAGERS

G. J. Yates, J. J. Bujnosek, S. A. Jaramillo, and R, B, Walton
Los Alamos National Laborastory, Group P=15, MS D406
P.0. Box 1663, Los Alamos, New Mexico £7545

and

Teresa M. Marcinez and J. P. Black
EGS&G Los Alsmos and EGEG Kirtland Operations
P.0. Box 809 Los Alamos, NM and P.0. Box 4339 Albuquerque, NM

Abstract

Radiation sensitivily of several photoconduc-
tive, photoemissive, and solid scate silicon-based
video imagers was msasured by analysing storad photo-
charge induced by irradiation with continuous and
pulsed sources of high anergy photons and neutror.a.
Transient effects as functions of absorbed dose, dose
rate, fluences, and iunizing particle energy are pre-
sencec.

Introduyction

Indirect imaging of neutrona, gasma rays, and
x-rays 1is accomplished by irradisting suitable con-
varters that transfora the incident image to a visible
photon image vhich is then viewed by TV imagers. Scat-
tering of the incident flux exposes the imagers to
ionizing radiation. (his creates unvanted phorocharge
that competes wvith the signal produced by the visible
photons, resulting in radiation-induced background
bulldup and spurious signals in the final image.

The primary purposes of thase experiments are
to (1) compare relative radiaticn sensitivities of
several TV imagers with Shzs3 vidicons (our standard

diagnosti: for radiation imsging experiments) to det-
ermine if any offar greater radistion imauni.y with
eaqual or better visible light sensitivizy, (2) to
idencify reaction thresholds for giver sensor types in
order to specify shielding, and (3) to understand the
physics involved vhen pixel excitation occurs.

Inggers Bvalysted

Imagers tested included (1) vidicon type san-~
sors with cthe followins carget materiale: szsJ photo-

conductors I, 11, and IV, silicon diode matrix, sati-
con (Se+Te+As), Newvicon (ZnSe), Pasecon (CdSe), Plum-
vicon and Leddicon (PbO); (2) silicon-based solid
stata &rrays Including charge couplaed davices (CCDs),
charge injection devices (CIDa), photodiodes (PDAs);
(3) 8=20 photoemissive image inzensifiers including
Silicon-Intensified-Target Vidicons (8ITVe), proximity-
focused microchannel plate tubes (MCPIs), and streak
tubas. Whare poasible, similar samples from differont
manufacturere were tasted to determine "typicasl" per-
forzance for given targota. FPor most sensors .at least
two samples vere measured for improved statistics.

Radistion Soyrces

The sources usad restrictad fluxes and fluen-
ces to low levels that generally produced only transiant
effects alChough sowe semi-permwnent damsge vas noted
for CCDs. The sources included:

(1) Continuous fluxes of 1.25 MaV (1.17 MeV
and 1.33 MeV) end 662 KeV gamma rays from lsotopic

”7c-. respactively. Maximum dose
60Co and 0.)4R/s

aourc 18 mCo and

rates of 77R/s were availgble from

from 1376.-

(2) 1 to 80 ns duration bursts of Bresmstra-
hlung photuns (average energies in the 3 to & MaV
range) produced by bombarding a 50-mil tungsten target
with 8-12 MeV ele.trons from a Linac.

(3) Cont'nuous flux of fission neutrons from

zsch (bxlo7nlu at the suurce).

(4) Microsocond duration (v 1 to 10 uas)
burste of 14 MeV neutrons from a D~T sealed-tube
generator vith saximux fluence of L l.hlo7nluzlu1u.

(5) VanDeGraaff accelerators to produce mono-
energetir neutrons in the range from 400 KeV co 10 MeV

using u7(p.n) snd H(T,n) reactions to study 8i(a,p)
sand Si(r,a) reactions in the silicon-based imagers.
For neutron energies below 1.3 MaV, DC irradiations

vere made vith msxinum fluxes or ~ 3!1°7ll/c-2-l. At
higher energies, pulead irradiazions vere msde with

neutron fluences of ~ 3:10$uluzlpu1u produced ty
gating the accelerator beam for = 2 ms.

Experimental Setups and Resulca

Gamma Ray Measyr.gents

Figure 1 shows the basic gamms rsy irradfstion
setup. A one-inch diameter collisc®cr and 8 1l/&-inch
vide slit were used to provide contrast between irrad-
jated and non-itrradisted areas on the TV targets.

Geama ray flux levels were varied by positiocning the
targets at various discances from the socurce aand by
using lead bricks in the radistion path for attemustion.
The vides signai from the imagers vas viwed or a IV
monitcr and recorded on an oscilloscope.

The awplifier FETS (field effact transistors)
vere irradiated firet, without any imager in the IV
cAamera, to detarmane their radiation sensitivicy. MNo
effects were observed st maximum dose tate of 77R/s.

All sensors shov gamms sensitivity. Uniforms
buildup of background increases linearly with absorbed
dosa., Most seneitive sre the image intensifiere which
show gain behavior for gamma ray flux similar to that
for visibla light flux indicating the domirant gemsa
ray effect is to causs photoemission from the $-20
photocathode. Raverse=biasing of photocathodas or
slimination of accelerating voltages virtually elimi~
nates gamma induced signal. PFor non-intensified
inagers, CCDs are most sensitive and lbzl’ vidicons

are lesst sensitive. A dose rate of N SAR/» produces
signsl-to-noiee ratios (8/N) of 93/1, 65,1, 30/1, snd
1.5/1 *rom 81TVe, NCPTe, CCDe, and lbzl, vidicons

respectively. Some lbzl’ vidicons are avea less sen~

sitive, producing immeasurable signal at 77R/s.
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Fig. 1. The basic Cobalt 60 gamma irradiation setup.

The source strength is 7.6 kilocuries.

The average S/N noted for other vidicon photo-
conductors vas 12/1 fcr Pb0, 6/1 for saticons, 2/1 for
CdSe or ZnSe. Our measurements show that the relative
visible light sensitivity at discrets wavelength bands
is higher for PbO and saticon target vidicons than for
those with CdSe or ZnSe. Therefore, thair higher sen-
sitivity to gamma radiation may be dus to better inhe-
rent quantum efficiency. Camma-ray sensitivity of the
other silicon~basec imagers, i.e., the silicon target
vidicon, CID, and PDA lies between that of thc above
photoconductors and Sb,S.. The image intensifier and
silicon imager responsés are plotted in Pig. 2 and
summarized in Table I.
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Fig, 2. Gasma ray response for silicon typa TV imagers

and two 5-20 based image intensifiers.

TABLE I. Cobalt 60 gamma ray responses

Dose Rate Row Norma-
Model ¢ Target (Rr/S) data lized
GE 8573A 8b_S_/VID 76.5 1.5/1 1/1
RCA 8573A €3 76.5 271 3/1
Heimann XQ1292 " 20,2 171 2.5/1
EEV P8038B " 20.2 171 2.%/1
EEV P849D " 20.2 172 1.5/1
GE 7803 #1 Sb,_8_/FPS 20,2 172 1.5/1
GE 7803 #2 #3 18.6 zero zero
Heimann ANAG56 Satieon/VID 20.2 2/1  5.5/1
Thomson 9950 (D) » 20.2 271  5,5/1
Amperex XQ1021 PbO/VID 58,2 9/1 9/1
Amperex XQ2172 (D) » 20.2 5/1 13.5/1
EEV P8022 " 20.2 /1 1171
EEV P8490 (D) » 20.2 6/1 16/1
Heimann XQlu461 CdSe/VID 54,2 2.5/1 2.%/1
Amperex XQli42 ZnSe/V1D 58.2 2/1 2/1
GE 78038 #2 Silicon/FPS 58,2 2/1 2/1
Thomson THX 865 . 54,2 2/1 2/1
GE 17B 41 Silioon/CID 18.6 1”1 3/1
GE 178 #2 " 54,2 2.5/1 2.85/1
Fatirohild 222 #) Silioon/CCD 54,2 50/1 50,1
Retfoon Siliocon/PPA 18.6 171 3/1
GE 7821 8-20/S1ITV .
(HV on) 54.2 93/1 93/1
(HY off) <1/1 11/1
ITT Fall/GE 780341 S-20/MCPT-FPS
(HV on, gated on) 5,2 65/1 65/1
(HV on, gated off) <1/1 <1/1
(HY o) <1/1 <171
..CACT3435/GE7821 8-20/STK-SITV
(STK HV on, gated
on, SIT HV on) 54,2 28072 ze4))
STX HV off, SIT HV on) 15,0 25/1 2/%
(STK HV on, gated
off, SIT HV on) 54,2 /1 90/1

Bremmstrahlung Irradiations

Similar collimation and slft arvangewent vwas
used to provide contrast in the video signal. The
Linac was synchrnnized to the TV sync and pulsed once
every fifth TV fisld, giving esseatially single pulse
respont .. The dose per pulee vas wsasured by exposing
thermoluminescent dosimeters (TLDs) at the TV target
plane. The .“sponse for a silicon target vidicon to
% 31 millizads exposure from & 13 ne FWHM x-ray burst
is shown in Pig, 3, The &/N (% 5/1) observed for
this dose 1s in gond agreement with 8/N (¥ 6/1) frea
~ 36 millirade cime-integrated 3 me (TV f£1d period)

dose from 60Co gammas, indicating s dependency on
total dnse rather than on dose rate, The x-ray
response for this sensor is lineasr between 31 and 865
millirads with saturution occurring at % 1.1 reds. A
26 ns PWHM, 62 millirad exposure caused saturaiion in
the CCD imager, indicating ¥ 18x higher x-ray sensiti-
vity for this sensor,

Neutron Irradiatioas

For the unintensified imagers, only the sili-
con=based units show significant neutron sensitivity,
Neutrons produce spatially random excitation of imdi-
yigusl pisele (eee Fig. 4) with lictle or 9o backgrawpd
buildup, The 8-20 Hc'1/35233 intensifier nhowed no

individual intezactions, but showad background build-
up (Fig. 5) similar (8/N X 20/1 from 1.8x10°a/cn?) to
ity gamma response (8/N % 45/1 from 1:10a /e:z).



et dadh o, A FEr e I e

o 100 200
HIGHMLIQNTED BCAN LBR

High energy photon induced signal in silicon-
target FPS vidicon.

Fig. 3.

a. Fairchild CCD=1 b.

c. GE CID d.

Reticon

Fig. ¢. Neutron-induced speckling for saveral silicon-

based TV isagars when irradiated with 14 MeV
fluence of L.leosnluz.

Tha expacted numbaer of individual interac-
~ions from silicon neutron cross-section calculstions
agrass well (vithin experimsntal accuracy and limfted
scatistics availabla) with obrer -ed counts (see
Table II for 14 MeV responce) of affectad pixels for
all silicon imagers. Again, (rDs are the moat sensi-

6 2
tive imagere (> 1133 inter ctions from 4,.3x10'n/cm’).
Pulse height and ares distributinn of ercited pixels
for CCD #1 from pulsed frra iation with monoenargetic

neutrons of 4, 6, 8, and 10 MeV are found in Table III
and Fig. 6. Comparing the 6 and 8 MaV data with the
4 MeV data ghows the relative contributions of (n,p)

and (n,a) reactions. Excitation with 2525! fission
spectrum neu.rons produced a smaller ratio of satu-
rated pixels versus total affected pixels chan ratios

obtaired from higher energy neutrons.

Reduction of radiation effects by snielding
wvas inveatigated. Star effects in the silicon vidicon,
2

amamnting to 33 stars from an exposure of 2.8xlosnlc- .

vere essentially eliminated by shielding with either
30.5 cr of polyethylene or 9.2 cm of tungsten. These
shields represented 2-3 mean free paths for the stten-
uation of 14 MaeV neutrons.
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Fig. 5. Neutron-induced background (vith no spackling)

in 8=20 basad image in:ensifier from irradie-
tion with 1-10 us bursts of 14 MaV neutrons.

TABLE II. tvont.nGInduood in nilicon éuur. from
§,5210 1& MeV neutrons/om
Total ¢ of 2 Total
Model # Pixels Pixels/om Zvents
GE 78038/FPS  1.8x10° 1.4x10° 336
FE-222/CCD 185,280 1r10° 1138
o178 N 96,228 1.57x10° 108
Retioon/PDA 110" 0.5x10°14 1

The effective number of ptnllluz for CCD #1
raflect approximately 30X inswnsitive ares batween
pixeles. PFor tha silicon vidicon, effective pixel srea
in the Y 30 um-diamatser electron besm, rather than the
7 un diameter silicon diode. :
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Table III. Pixel area and amplituyde distributions

from neutron induced speckling in CCD

1 from Jxlosnlcn2 fluence.

4 MeV 6 Mev 8 MeV 10 MeV
Pixels 52 62 85 1.2xi0°
Area range 1-4 1-6 1-6 1-22
Avg. area 1.6 2.6 4.0 6.2
Ampl range 165-210 166-227 165-256 165-256
Avg. ampl 170 191 175 17¢

Corruja‘ion Between Measurements and Calculations

Several reactions of neutrons with silicon
nuclei that produce ionizing particles include elastic
and inelamtic scactering, (n,p) and (n, ). The parti-
cles create slectron-hole paris as they pass through
the silicon substrate. C..~—iers produced in device
depiecion reglons, cr wichin a diffusion length of
these regions, ars stored as photocharge which is read-
out lacer as video signal from the TV imager. Because
of the whort range of scattering recoils and charged
secondary particles, must of the enargy deposited as
ionizacion occurs within -2 material where the reac-
tion oczurs. Consequently a single reaction can show
up a8 & local effect or a star in one or a few conti-
guous pixels on the TV imagers. In contrast, the
energy loss par unit distance of electrons produced by
the interaction of high energy gamma rays is smaller,
re-ulting in the more uniform general background build-
up noted for photon irradiations.

The range of video signal amplitudes measured
from the noisa level to saturation {where the charge)
may be atored by several neighboring (pixals) are con-
sisten” with calculations of the number of electron-
hole pairs produced as a function of incident neutron
energy and the pixel sensitivity, (a function of empli-
fier noise and target quantum efficiency), and the
charge capacity (the number of electrona/well for solid
stace imagers or holes/diode for silicon-target vidi-
cons). The noise threshold range for the various ima-
ger/amplifier combinations corrasponds to 23 to 100
clectrons and estimates of pixel charge capacity (1,2,3)

range from > 103 to > 106 electrons/vixel. One study

(4) veports that 1) recoils in the active silicon regi-

on produced by neutron scattering produce from 7:1640

to 3.2x10"2° C/mm’ per n/ca® for neutron enargies from

L 30(2) KeV to 4 MeV, incressing to % 6!10'19 CI-3 per
n/cm” at higher energies, and 2) (n,® and (' .p) resc-
tions produce from sbout 1x3x10~ 20 C/mm’ per n/ea? at
Y 4 MeV increasing to ¥ 2210718 ¢/um’ per n/cal in the
range from 8 MeV to 14 MeV. The resulting total range
18 ¥ 7x1072% to 5.4x1071® C/um® per n/cm®. The effec-
tive Si volume/pixel is X 3x10-6 for silicon vidicons
and ¥ 2x10 mm> for CCD and CIDs used in this study.
Using the 3xlosnlc-2 fluence from the VandeGraaff
experiments and the above range of possible charge,
gives ¥ 2.6 to 508 e~h pairs/pixel for CCDs or CIDs
and ¥ 0.4 to 77 e~h pairs/vixel for silicon vidicons.
We believe this to be expected average charge/pixel,
but because only a small fraction of the total pixcls
are affected, cheir actual charge/pixel is much larger.
Exsmination of the CCD data from Table III shows

X 1.2x10° affected pixels out of 1x10° available pixels

giving 83x average charge or 217 tu 6.2:10‘ e-h pairs
pixel, vhich is sufficient to produce signals from
noise to saturatior for this imager.
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